Photoreduction of protochlorophyllide a to chlorophyllide a that is catalyzed by NADPH-protochlorophyllide oxidoreductase (NPR) is only a light-dependent step in overall processes of biosynthesis of Chi in angiosperms. Unlike many other plants, in fully green leaves of cucumber the expression of only a single NPR gene of cucumber was positively regulated by light and developmental age of leaf, and also by diurnal and circadian rhythms. The single NPR gene was shown to be involved in Chi synthesis throughout of the vegetative growth of cucumber (in cotyledons and fully green leaves).
Angiosperms germinated in darkness exhibit an etiolated phenotype. In etiolated plants, etioplasts, a particular type of plastids, are formed from proplastids. Etioplasts contain a large amount of protochlorophyllide a (Pchlide a) as a precursor of Chi. When etiolated angiosperms are illuminated, Pchlide a is photoreduced to chlorophyllide a (Chlide a) and etioplasts are transformed to photosynthetically active chloroplasts with concomitant breakdown of prolamellar bodies and formation of thylakoid membranes.
The photoreduction of Pchlide a to Chlide a is the only light-dependent reaction in the Chi synthesis of angiosperms and is a key regulatory step in overall processes of greening of angiosperms. The photoreduction is catalyzed by NADPH-protochlorophyllide oxidoreductase (NPR) (EC 1.3.1.33) (Apel et al. 1980) . In many plants a large amount of NPR protein and its mRNA accumulate in Abbreviations: Chlide, chlorophyllide; NPR, NADPH-protochlorophyllide oxidoreductase; Pchlide, protochlorophyllide. 1 Present address: Research Institute for Biological Sciences, Okayama 7549-1 Yoshikawa, Kayo-cho, Okayama, 716-1241 Japan. 2 To whom correspondence should be addressed. Fax, ktakamiy@bio.titech.ac.jp. dark-germinated plants, which rapidly decreases during illumination, and this event is considered common in angiosperms (Forreiter et al. 1990 ). However, the rapid decreases of the NPR activity, levels of protein and mRNA during greening provoked much controversy, because Chi synthesis is initiated and accelerated by light. Meanwhile, in several plant species effects of light different from the above case on the levels of NPR protein and mRNA have been reported. For example, the levels of NPR protein did not change after several hours of illumination in etiolated Lolium temulentum (Davies et al. 1989) , Pinus pinea (Ou et al. 1990 ) and Sorghum bicolor (Schrubar et al. 1990 ). The levels of NPR mRNA only slightly decreased in Arabidopsis thaliana (Benli et al. 1991) and were unchanged in cress (Kittsteiner et al. 1990 ) and pea (Spano et al. 1992 ) during illumination.
Recently, two distinctly light-regulated NPR genes, PORA and PORB were cloned from A. thaliana (Armstrong et al. 1995) and barley (Holtorf et al. 1995) . It was characteristic that the PORA mRNA accumulated only in young etiolated plants and rapidly decreased by illumination, while the levels of PORB mRNA remained constant in etiolated and greening leaves and were controlled under a diurnal rhythm (Armstrong et al. 1995 , Holtorf et al. 1995 . From these results, a hypothesis has been proposed that PORA is active only transiently in the beginning of greening and PORB is active throughout the development of green plants. Furthermore, the presence of the two types of the genes in gymnosperms (Forreiter and Apel 1993) suggested that in higher plants the two types of NPR genes are ubiquitously present.
On the other hand, we isolated a NPR cDNA from greening cucumber cotyledons, and showed that its expression was enhanced by illumination (Kuroda et al. 1995) , whose pattern was strikingly different from that of PORA or PORB in A. thaliana and barley. Other investigators also reported the positive light-regulation of the transcriptional expression of NPR gene in the early stage of the greening of etiolated cucumber cotyledons (Yoshida et al. 1995) . So far, only one NPR gene has been isolated from cucumber (Kuroda et al. 1995) . This and other results of our investigations strongly suggested that in cucumber there is a single copy of NPR gene (see below). Thus, the single NPR gene in cucumber may fulfill the roles both of the POR A and B genes present in other higher plants such as A. thaliana and barley. In our previous studies we used etiolated and greening cotyledons of cucumber as a material. Since, in general, the main role of cotyledons is limited to functioning at the early stage of development of plants, and there are only few reports on the expression of NPR gene in green leaves of angiosperms, it is necessary to examine whether the positively light-regulated NPR gene of cucumber is expressed throughout most of the developmental stages. Here we demonstrate that the expression of the NPR gene in green leaves is positively regulated by light, the developmental age and the diurnal and circadian rhythms.
Plant materials and growth conditions-Seeds of cucumber (Cucumis sativus, cv. Aonagajibai) were soaked in water for 3 h and germinated on wet vermiculite at 27 °C (day of germination is dO). In the experiments on the developmental regulation, cucumber was grown under continuous white fluorescent light (5 W m 2 ) for 23 d. In the light regulation experiments, plants on dl4 were transferred to and kept in darkness for 24 h, and they were illuminated again for another 24 h. To examine the diurnal regulation, cucumber was grown under a 12 h-light/12 hdark cycle. In the circadian regulation experiments, cucumber grown under the 12 h-light/12 h-dark cycle was transferred to continuous white fluorescent light at the beginning of the dark-period on dl5.
Chi measurement-Chi concentration was determined spectrophotometrically according to the method of Arnon (1949) .
Total RNA isolation and Northern blot analysisIsolation of total RNA and Northern blot analysis were carried out as described previously (Kuroda et al. 1995) . The hybridization was analyzed with a Bio-image Analyzer BAS2000 (Fuji Film Co.) .
Positive light-regulation of the expression of NPR gene in fully green leaves-To examine the light-regulation of the expression of NPR gene in fully green leaves, lightgrown primary leaves were dark-adapted for 24 h on dl4 and re-illuminated for another 24 h. During dark adaptation, the level of mRNA in the primary leaves decreased with time and reached an undetectable level after 24 h (Fig. 1A) . The mRNA levels in control plants (15-d-old light-grown plants) did not decrease (Fig. 1A, 24 L) . When the dark-adapted plants were illuminated again, the mRNA increased (Fig. IB) . Thus, light positively regulated the expression of NPR gene in fully green leaves as in the cotyledons (Kuroda et al. 1995) .
Expression of NPR gene and Chi synthesis during development-We examined the effects of the developmental age on the expression of the positively light-regulated NPR gene in cotyledons and fully green leaves of cucumber. As shown in Fig. 2A , in cotyledons, the mRNA still accumu- lated at d5, but the levels of the mRNA decreased during d5 to 8 and remained at low levels thereafter. The primary, secondary and tertiary leaves appeared on the plants on d8, dl4 and d20, respectively. A low level of mRNA was detected in the primary leaf of the plant on d8 and the levels markedly increased from d l l to dl4, and then decreased gradually up to d23. The level in the plant on dl4 was about 2 times higher than that on d8. In the secondary leaf, the mRNA level increased from d 14 to 23 and on d23 was about 3 times higher than that on dl4.
Furthermore, to examine the relationship between the levels of NPR mRNA and Chi synthesis, we measured the Chi content in cotyledons and leaves harvested every 3 d from d5 to 23. As shown in Fig.2B , the levels of Chi in cotyledons reached a maximum at dl4 and then decreased. The primary leaf on d8 showed a low level of Chi and the level increased up to d23 with a maximal level at d 14. In the secondary leaf, the level of Chi increased up to d23. In the tertiary leaf, the level slightly increased from d20 to 23. The day exhibiting the maximal rate of Chi synthesis given by the steepest slope of each curve coincided with the day showing the highest level of mRNA in each leaf. Thus, the expression of the positively light-regulated NPR gene was also regulated by the developmental age, and the profiles of the expression were closely related to that of the Chi synthesis in adult plants. These results together with our previous ones in cotyledons (Kuroda et al. 1995) indicate that the positively light-regulated NPR gene of cucumber is mainly involved in the Chi synthesis in both light-adapted fully green leaves and greening cotyledons. Diurnal and circadian regulation of expression of NPR gene-Since it has been reported that expression of a few genes involved in Chi synthesis shows light-induction and a diurnal rhythm (Jensen et al. 1996 , Kruse et al. 1997 , Nakayama et al. 1998 , we examined the diurnal rhythm of the expression of the NPR gene in cucumber grown under a 12 h-light/12 h-dark cycle. As shown in Fig. 3A , the level of NPR mRNA in the primary leaves clearly changed during light and dark periods. The mRNA was slightly expressed in the dark period and the level reached a maximum at 6 to 9 h during the light period and then decreased rapidly toward the end of the day. The pattern of expression in the light period was different from that of the re-illuminated leaves after dark adaptation (Fig. IB) , confirming the diurnal rhythm. The diurnal rhythm of expression of NPR (PORB) gene was also reported in A. thaliana (Armstrong et al. 1995) and barley (Holtorf et al. 1995). However, since circadian regulation for the expression of NPR gene has not been reported, we next examined whether the expression of NPR gene is regulated by the circadian rhythm. As shown in Fig. 3B , although the peak of NPR mRNA level shifted to about 2 h later, the rhythmical expression of NPR gene was maintained when cucumber was transferred to a continuous light condition.
These results indicate that the positively light-regulated NPR gene is expressed under the control of diurnal and circadian rhythms, and functions in the Chi synthesis of cucumber grown in day and night cycle. Previously we suggested that only positively light-regulated NPR was responsible for Chi synthesis in cucumber cotyledon (Kuroda et al. 1995 (Kuroda et al. , 1996 . The results of other investigators also showed that in cucumber cotyledons the rate of Chi synthesis is closely correlated with the activity, amount of the protein and abundance of mRNA of NPR (Yoshida et al. 1995) . In this study, using developing fully green leaves we found that: (1) the expression was positively regulated by light, (2) the developmental age of leaf controlled the expression of NPR gene and the expression pattern was consistent with that of Chi synthesis, and (3) the NPR gene was expressed under the control of diurnal and circadian rhythms. In addition, the NPR gene is shown to be also expressed in darkness (Kuroda et al. 1995 , Yoshida et al. 1995 , and consequently the formation of prolamellar body in etiolated seedlings depends on the expression of the positively light-regulated NPR.
In A. thaliana and barley, two distinctly light-regulated NPR genes, PORA and PORB, have been cloned (Armstrong et al. 1995 , Holtorf et al. 1995 . They were suggested to be involved in Chi synthesis in these plants and to be ubiquitously present in other higher plants. However, direct and circumstantial evidence obtained from our results such as genomic Southern and Northern blot analyses, RNase protection assay for sensitive and specific detection of mRNA, and analysis of genomic gene by PCR with degenerated primers strongly suggested that in cucumber there is only a single copy of NPR gene (Fusada et al. unpublished data) . Thus, the single gene is suggested to be positively light-regulated in both cotyledons and fully green leaves of cucumber, and responsible for the Chi synthesis in a similar manner at any stage of the development.
The diurnal and circadian regulation of NPR gene expression is important in Chi synthesis. Kruse et al. (1997) reported that HEMA gene encoding glutamyl t-RNA reductase, which is involved in 5-aminolevulinic acid synthesis, was expressed in a circadian rhythm. The expression of CHLH gene encoding a subunit of Mg chelatase, which catalyzes the chelation of magnesium into protoporphyrin IX, was shown to be regulated by diurnal and circadian rhythms (Jensen et al. 1996 , Nakayama et al. 1998 . Besides the cucumber NPR gene, the expression of the POR B gene is regulated by a diurnal rhythm in A. thaliana (Armstrong et al. 1995) and barley (Holtorf et al. 1995) . Judging from these results, Chi synthesis is controlled by the coordinated expression of NPR gene in concert with the expression of HEMA and CHLH genes.
